Spin-crossover (SCO) systems are excellent examples of bistable materials in which magnetic and optical properties, 1 structure, 2 and chemical reactivity 3 can be switched between two distinct states. This crossover process is known for certain families of 3d 4 -3d 7 metal complexes. The re-configuration of their electronic structures is induced by changes in temperature, pressure, light irradiation or absorption of guest molecules. 4 In the case of ferrous complexes, the spin conversion occurs between the diamagnetic low-spin (S = 0, LS) state, in which all d-electrons are paired, and the paramagnetic high-spin (S = 2, HS) state, in which four d-electrons are unpaired. Because of the difference in the occupation of the anti-bonding molecular orbitals, metal-toligand distances in the HS state are significantly larger than in the LS state. Consequently, SCO occurs when the enthalpy of the stronger iron-to-ligand bonds in the LS state is overcome by the configurational and vibrational entropy of the HS form. 5 Thus, the rational choice of ligands with a favorable ligand field strength is a key factor to design complexes with switchable behavior. There are a few families of known SCO-active iron(II) complexes in the literature, including molecular complexes, 6-8 1D coordination polymers, 9, 10 2D layered structures and 3D metal organic frameworks. 11 Within the realm of discrete ferrous complexes with SCO, those with 2,6-bis(pyrazolyl)pyridine 6 and scorpionate ligands, 7 as well as bis(thiocyanate) complexes supported by polypyridine ligands [FeL x (NCS) 2 ], 8 are among the best studied switchable materials. Polymeric 1,2,4-triazole-based iron(II) complexes have been a focus in both early studies of the SCO phenomenon and the most recent developments of functional materials. 9 They have been used, for example, to design prototypes of thermochromic materials, microthermometers, chemical sensors, actuators and chiral switches. 10 Heterobimetallic 2D and 3D coordination frameworks, known in literature as Hofmann-like clathrates, are excellent examples of the SCO systems due to their simplicity, universal design approach and porous structure. 11 They are constructed of iron(II) ions coordinated by cyanometallic anions [M(CN) x ] yÀ (where M = Ni, Pd, Pt, Cu, Ag, Au) and N-donor heterocyclic ligands. Notably, all these complexes feature the Fe II N 6 chromophore that is frequently considered as a prerequisite for the existence of the SCO. However, a handful of SCO complexes with Fe II N 4 O 2 , 12 Fe II N 5 O, 13 Fe II N 4 S 2 , 14 Fe II N 5 S, 15 Fe II N 4 C 2 , 16 Fe II N 3 C 2 O 2 17 and even FeC 3 N 18 coordination spheres have been also reported. Ferrous complexes bearing at least one chloride ligand exist in the HS state due to the relatively large anionic radius of the chloride anion and its associated weak ligand field strength. 19 It was, therefore, not surprising when the title complex [Fe II (Py5OH)Cl](PF 6 ) (Py5OH = pyridine-2,6-diylbis[di(pyridin-2-yl)methanol]) was reported as HS, based on its single crystal X-ray diffraction analysis at 100 K. 20 The complex was employed as a catalyst in photo-induced water oxidation to dioxygen.
In an effort to trap and identify catalytically relevant intermediates, we observed the herein reported spin transition in [Fe II (Py5OH)Cl](PF 6 ) with a critical temperature of 80 K. This is confirmed by temperature dependent SQUID magnetic susceptibility measurements and synchrotron X-ray absorption studies, analyzing both the X-ray absorption near edge structure (XANES) and extended X-ray absorption fine structure (EXAFS). The conclusions are supported by density functional theory (DFT) calculations of the title complex and the related HS analog [Fe II (Py5OMe)Cl] + . 13 Compound Py5OH was synthesized starting from 2,6dibromopyridine and di(2-pyridyl)ketone (see ESI † for details).
The [Fe II (Py5OH)Cl](PF 6 ) complex was obtained as microcrystalline yellow powder. Its powder X-ray diffraction (PXRD) profile shows a good match with the simulation that is based on the single crystal XRD structure reported previously ( Fig. S1 , ESI †). 20 All iron ions in the structure, which are crystallographically identical, are coordinated by the five nitrogen atoms from Py5OH and by one chloride anion, which results in a distorted octahedral Fe II N 5 Cl environment.
The magnetic properties of the complex recorded in the cooling and warming regimes are shown in Fig. 1 . The product of the molar magnetic susceptibility with temperature, w M T, as a function of temperature, reveals a complete one-step spin transition for this compound. At room temperature, w M T is 3.4 cm 3 K mol À1 , indicating that all iron(II) sites exist in the HS state. Upon cooling to ca. 140 K, w M T remains constant, as expected on the basis of Curie's law for the paramagnetic compound with S = 2. However, further cooling reveals a gradual decrease in w M T down to 0.3 cm 3 K mol À1 , which is due to a HS to LS transition of the iron centers. The transition is virtually complete at B40 K, and the T 1/2 (the temperature at which half of the complex is in the LS state) is 80 K. Upon warming of the sample in the magnetic field, its susceptibility behavior was completely reversible, with only a narrow hysteresis at low temperatures, caused by kinetic effects and not cooperativity of the lattice (Fig. S4 , ESI †). 4d Due to a pronounced thermochromism of the spin transition, the yellow powder of [Fe II (Py5OH)Cl](PF 6 ) turns green upon cooling.
Compared to the common SCO systems, the transition temperature in the title complex is unusually low-the continuous spin conversion is observed down to ca. 40 K on cooling. [6] [7] [8] [9] [10] [11] In general, at temperatures below ca. 100 K, k B T is smaller than the energy difference between HS and LS states, which usually leads to a trapping of the HS state upon fast cooling. 4c Thus, for iron(II) complexes with expected T 1/2 below this point, the SCO is usually incomplete or is not observed at all. 21 One of the recent examples is the molecular Fe II N 6 complex with T 1/2 = 95 K reported by Bao et al.; relaxation of its quenched HS state at 80 K occurs over the period of several hours. 21a In contrast, [Fe II (Py5OH)Cl](PF 6 ) shows a complete transition even at lower temperature with a scan rate of 2 K min À1 , indicating a weak cooperativity between the SCO centers in the compound. 4, 5 A similar SCO behavior with T 1/2 = 81 K was reported for an organometallic four-coordinate complex with a pseudotetrahedral FeC 3 N ligation. 18 X-ray absorption spectroscopy is a well-established technique for measuring metal-ligand distances in transition metal complexes (EXAFS) and for monitoring their oxidation and spin states (XANES). The XANES spectra of [Fe II (Py5OH)Cl](PF 6 ) acquired at different temperatures using synchrotron radiation are shown in Fig. 2 . The spectra obtained at 150 K and 293 K are virtually identical. The position and shape of the Fe K-edge are consistent with those expected for iron(II) in the HS state, 22 which corroborates our magnetic susceptibility measurements. In the XANES spectrum recorded at 20 K, the shift of the edge to higher energy reflects the completed HS to LS conversion. The inflection that occurs at about half-height (7123 eV) in the XANES spectrum of the LS complex (arrow B in Fig. 2 ) is as previously identified as a structure-sensitive above-ionization multiplescattering resonance. 22b On the basis of the well-established correlation between edge absorption intensity and bond distance, this feature can be assigned to the presence of short Fe-N bonds in the LS state. 22c In addition, the intensity of the pre-edge peak at 7112 eV (arrow A in Fig. 2) , corresponding to the 1s -3d excitation, increases upon transition to the LS state, similar to what has been observed for other iron SCO complexes. 22d,e
The EXAFS spectra and Fourier transform of EXAFS for the title complex are shown in Fig. S5 (ESI †) and Fig. 3 . At 150 K and 293 K, the EXAFS of the title compound can be simulated well with Fe-N and Fe-Cl distances of 2.18 Å and 2.38 Å, respectively. These values are in good agreement with the X-ray diffraction data reported previously (hFe-Ni = 2.177 Å; Fe-Cl = 2.417 Å at 100 K) 20 and indicate the HS state of the divalent iron. When the sample is cooled below the SCO temperature, a clear contraction of the nitrogen shell can be observed in the Fourier transform of EXAFS. The spectrum at 20 K can be simulated with Fe-N and Fe-Cl bond distances of 1.99 Å and 2.38 Å, respectively, without notable contribution from possible HS residues. Remarkably, the Fe-Cl bond is not affected by the spin transition, while shortening of the Fe-N bonds by ca. 0.2 Å is as well documented for SCO complexes with the FeN 6 chromophore. 5 The essential characteristics of the title complex in both spin states derived from the XANES and EXAFS are summarized in Table 1 . Full details of the simulation can be found in Table S1 (ESI †).
In contrast to the title compound, the ferrous chloride complex with a pentapyridine ligand, which differs from Py5OH only by methylation of its hydroxy groups, remains HS down to 4 K. 13 We performed DFT calculations to rationalize the contrasting spin state behavior between [Fe II (Py5OH)Cl] + and [Fe II (Py5OMe)Cl] + . Optimization with the B3LYP functional reproduces the structural changes seen in EXAFS upon transition to the LS state, with Fe-N bonds shortening by 0.19 Å while the Fe-Cl bond length changes only marginally (by 0.03 Å). To reproduce the transition temperature of 80 K for the title complex we used energies from the B3LYP* functional (see ESI † for further details). 23 At 0 K, the LS state of the title complex is stable by 0.6 kcal mol À1 (Fig. 4) . As the temperature increases, the entropy contributions favor the HS state, leading to the spin transition at 80 K. The largest factor driving the transition to the HS state with temperature is the vibrational entropy contribution. This effect comes from the less stiff metal-ligand bonds in the quintet state with two electrons in the anti-bonding e g orbitals.
For the complex with methoxy groups, the HS state is stable by 2.3 kcal mol À1 at 0 K. Consequently, there is no SCO for this complex in agreement with experimental data. 13 Methylating the ligand thus favors the quintet relative to the singlet by 2.9 kcal mol À1 . The significant effect of methylating a position far from the potential SCO center comes from steric rather than electronic effects, with significant distortions of the axial pyridine ring. In [Fe II (Py5OH)Cl] + , the axial pyridine plane is parallel to the z-axis, while in [Fe II (Py5OMe)Cl] + it intersects at 191 and 301 degrees for singlet and quintet, respectively. The distortion weakens the iron-to-ligand bond, which contributes to stabilizing the HS state. 24 Similar calculations show that substitution of the coordinated chloride by bromide in the title complex favors the HS state down to 0 K (Table S2 , ESI †).
In conclusion, we report a temperature-induced spin transition behavior of a mononuclear iron(II) complex with a coordination environment Fe II N 5 Cl. To the best of our knowledge, this is the first observation of spin transition in a ferrous chloride complex. Despite an unusually low critical temperature, the compound shows a complete transition to the LS state as confirmed experimentally by magnetic susceptibility measurements, XANES and EXAFS spectroscopy. DFT calculations show that both spin states can be stabilized in the title complex depending on temperature. Our study demonstrates that SCO can be found in a priori HS complexes, and the design principles revealed a new route towards the search for new switchable materials. As complexes with the pentapyridine ligands, including the title complex, are well-known for their catalytic activity, 20, 25 tuning the SCO temperature via modifications to the ligand molecule may be promising for the design of multifunctional materials. This work was supported by the Swedish Energy Agency through the grant no. 45421-1. The authors thank the Helmholtz-Zentrum Berlin (HZB) for allocation of synchrotron radiation beamtime at the KMC-3 beamline (BESSY II synchrotron, Berlin Adlershof). Calculations were performed on resources provided by SNIC through the National Supercomputer Centre at Linköping University (Tetralith) under project snic2018-3-575. SIS thanks the ÅForsk Foundation for support (grant no. . AT and KH thank the Olle Engkvist Foundation for support (grant number 198-0369).
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